Immobilized Candida tropicalis cells in freeze dried calcium alginate beads were used for production of xylitol from lignocellulosic waste like corn cob hydrolysate without any detoxification and sterilization of media. Media components for xylitol fermentation were screened by statistical methods. Urea, KH 2 PO 4 and initial pH were identified as significant variables by Plackett-Burman (PB) design. Significant medium components were optimized by response surface methodology (RSM). Predicted xylitol yield by RSM model and experimental yield was 0.87 and 0.79 g/g, respectively. Optimized conditions (urea 1.5 g/L, KH 2 PO 4 1.9 g/L, xylose 55 g/L, pH 6.7) enhanced xylitol yield by 32% and xylose consumption by twofold over those of basal media. In addition, the immobilized cells were reused five times at shake flask level with optimized medium without affecting the xylitol productivity and yield. Xylitol production was successfully scaled up to 7.5 L stirred tank reactor using optimized media. Thus, the optimized condition with non-detoxified pentose hydrolysate from corn cob lignocellulosic waste with minimal nutrients without any sterilization opens up the scope for commercialization of the process.
Introduction
Xylitol, a pentitol, is known to be useful for diabetic patients because of its low calorific value and equal sweetness index in comparison to sucrose (Pepper and Olinger 1988) . In addition, it helps to reduce dental caries (Ylikahri 1979) . Xylitol is known to prevent ear infection in children (Uhari et al. 1996) and is used in personal health products like mouth washes and tooth paste (Affleck 2000) . Furthermore, xylitol is US-FDA approved for use in foods, pharmaceuticals, cosmetics, and oral health products in more than 50 countries (Povelainen 2008) . Nowadays, because of above mentioned facts and increasing health consciousness among consumers, there is rising demand for xylitol in health improving products. In spite of this demand, the relatively scarce worldwide production of xylitol can be attributed to the high cost (6.39 $/kg) of chemical production method (Tran et al. 2004) . Currently, xylose is obtained from corn cob by acid hydrolysis, followed by purification with chromatography. Xylitol is commercially produced by hydrogenation of pure xylose using Raney nickel catalyst at high temperature and high pressure. Hence, xylitol production by biotechnological route has become an attractive alternative to chemical production as mild conditions are required for the reaction and does not require pure xylose.
For industrial xylitol application, xylitol yield and substrate consumption must be higher and production process costs cheaper. Low-cost xylitol production involves use of crude xylose without any detoxification, recycling of yeast cells, high xylose to xylitol yield, high productivity, high titer of xylitol, less energy input, easy downstream processing to purify xylitol, and use of fermentation media with use of minimal industrial nutrients. Hence, it is very necessary that carbon, nitrogen, minerals, and other nutrients including process parameter must be economically competitive to ensure the commercial feasibility of fermentation process with improved fermentation performance.
Corncob is a major lignocellulosic waste generally employed as animal feed and recycled as fertilizer in soil, or as a fuel. The corn cob waste after acid hydrolysis can be used as a raw material for xylose (Rivas et al. 2002) , which will reduce the cost of xylitol production (as compared to use of pure xylose). Urea and ammonium sulphate are generally preferred nitrogen sources in industrial fermentation as economic nutrients.
The efficiency of the xylitol fermentation can be augmented using high cell concentrations, which can be achieved with immobilized cell system. The immobilized microorganism system can be used to improve the fermentation performance and to reduce the overall production costs (Roberto et al. 1991) . Immobilized cell bioprocesses are preferred as compared to free cells, because they allow higher fermentation rates, permit high cell concentration, recycling of cells for extended time, reduce costs related to seed development, protect the entrapped biocatalyst from inhibitors, prevent washout of cells, and provide ease of separation of biocatalyst from fermentation broth (Jirku et al. 2000) . Particularly, immobilization in calcium alginate beads stands out, because their production method does not require drastic conditions and utilizes ingredients that are accepted as food additives (Champagne et al. 2000) . Hence, the optimization of media components and fermentation parameters with immobilized system plays an important role in improving fermentation performance yield and commercial feasibility. Application of statistical methods enables easy selection of various important fermentation parameters and helps in understanding their interaction. A number of statistical experimental designs have been used for optimizing fermentation variables. Plackett-Burman (PB) design is a well-established and widely used statistical technique for screening of significant culture variables (Plackett and Burman 1946) . Response surface methodology is used for finding the optimum level of each variable along with its interactions with other variables and their effects on product yield (Gu et al. 2005) .
The present study reports a highly efficient fermentation process for xylitol production using non-detoxified and non-sterilized corn cob hydrolysate. Alginate-entrapped C. tropicalis yeast cells were found to support high and sustainable xylitol production up to eight cycles of repeatedbatch fermentation in shake flask (Yewale et al. 2016) . C. tropicalis was used for xylitol production. Furthermore, optimization of conditions for xylitol production using cheap feedstock usually used in industrial fermentation was attempted. Statistical optimization was performed in two steps: (1) Plackett-Burman design used for screening of most significant media components and process parameters; (2) RSM was used for further optimization to enhance the xylitol yield using the significant process variable. Reusability of cells was performed to check the robustness and applicability of process. The feasibility of optimized process parameters was validated in 7.5 L fermenter.
Materials and methods

Corn cob chemical composition
Corn cob was provided by Abhyoday Feedstock Suppliers, Jalgaon (M.S.), India. The moisture content was analyzed by heating the samples in an oven at 105°C until a constant weight was achieved. Air dried corn cob was milled into small particles (3.5 mm 9 2.5 mm) using knife mill. Corn cob compositional analysis performed for determination of total extractive, total carbohydrate, ash, and total lignin content (Sluiter et al. 2008a, b, c) . The total extractive content of the biomass was determined by refluxing the samples with distilled water for 16 h, followed with 95% ethanol for 16 h in a Soxhlet extractor. Extractive-free samples were hydrolyzed with 72% sulfuric acid at 32°C for 1 h, followed by hydrolysis with 4% sulfuric acid at 121°C for 1 h. The ash content analysis was conducted using a furnace at 550°C till constant weight was achieved. Total carbohydrate content was determined based on total sugar content in the hydrolysate. Sugar concentrations were measured by HPLC (Agilent Technologies, model 1200 series CA, USA), equipped with Aminex HPX-87H column (300 mm 9 7.8 mm, Bio-Rad, Hercules, CA, USA) and a refractive index G 1362A detector, an G 1316B column oven and G 1311A pump. Samples were previously filtered through 0.22 lm filter and injected in the column under the following conditions: injection volume, 20 lL; column temperature, 55°C; 0.005 M H 2 SO 4 as the mobile phase used at a flow rate of 0.6 mL/min. The standards used for sugar qualitative and quantitative analysis were glucose, xylose, and cellobiose (Sigma-Aldrich, USA). Sugar analysis was conducted with an injection volume of 20 lL, and data acquisition was performed with Chemstation software. Filtration of the hydrolysate in a vacuum resulted into acid insoluble residue which was regarded as acid insoluble lignin.
Preparation of corn cob hydrolysate
Corn cob was hydrolyzed by following Praj patented pretreatment procedure (Pal et al. 2013 ). This pretreatment involved corn cob solid of 16-20% w/w (milled using hammer mill), acid mixture (oxalic acid and sulphuric acid) concentration of 0.5-1% w/w, screw speed of 2-4 rpm, reaction temperature of 160-180°C, and reaction time of 15-20 min. Then, the corn cob slurry and aqueous solution after reaction were discharged and separated in a solidliquid separation equipment.
Microorganism cultivation and yeast cell immobilization
Candida tropicalis NCIM 3123 was procured from National Collection of Industrial Microorganism (NCIM), Pune, India. The yeast culture was revived and maintained at 4°C using the following malt extract 3 g/L; xylose 20 g/ L; yeast extract 3 g/L; and peptone 5 g/L; (MXYP) agar slants. The microorganism was sub-cultured twice in a month. A loopful of C. tropicalis from 24 h old slant was inoculated into 50 mL of pre-sterilized inoculum medium containing (g/L) xylose 20.0; yeast extract 3.0; malt extract 3.0; and peptone 5.0, pH 6.5 in 250 mL Erlenmeyer flask and incubated for 24 h at 30°C with agitation at 150 rpm. Harvested culture broth was centrifuged at 10,000 rpm for 10 min. The cell pellet obtained was washed twice with pre-sterilized distilled water and was used for immobilization studies. The yeast cells were immobilized by encapsulation in calcium alginate beads by use of freezing thawing method (Yewale et al. 2016 ).
Shake flask fermentation and media optimization study
Basal media (un-optimized media) contain 3 g/L, malt extract; 3 g/L, yeast extract; and 5 g/L, peptone with required xylose concentration from non-detoxified hydrolysate and used as control experiment in xylitol fermentation with 100 mL working volume in 250 mL shake flask, and were sterilized at 121°C for 20 min. The non-detoxified xylose stream supplemented with different KH 2 PO 4 , (NH 4 ) 2 SO 4 , urea, MgSO 4 Á7H 2 O concentration for tests (Table 1) heated at 80°C for 10 min, and then used as fermentation medium. Batch fermentation was performed in duplicate in 250 mL Erlenmeyer flask containing 100 mL of required pH adjusted corn cob hydrolysate stream with 4-6% w/v xylose.
Plackett-Burman factorial design was used to screen medium components like xylose, ammonium sulphate, urea, KH 2 PO 4 , and MgSO 4 Á7H 2 O, and physical factors like inoculum bead weight, temperature, agitation, and initial pH factors affecting xylitol production. Table 1 shows the experimental design. The effect of each factor is represented by the following equation:
where E(X i ) is the concentration effect of tested variable, and P þ i and P À i represent xylitol production. Variables (X i ) being measured were added to the production medium at high and low concentrations, respectively, and N is the number of experiments performed. Standard error (SE) of the concentration effect was the square root of the variance of an effect and the significant level (p value) of the effect of each concentration was determined using Student's t test formula:
where E(X i ) is the effect of variable X i . Response surface methodology (RSM) was used to further optimize the significant factors from PB experiments and their interaction effects using Design-Expert Version 9.0.10, Stat-Ease Inc. (Minneapolis, MN, 473 USA) software. The central composite design (CCD) was employed to study the effect of urea, KH 2 PO 4 , xylose, and initial pH on xylitol yield by immobilized C. tropicalis in non-detoxified corn cob hydrolysate in 30 trials at 5 levels. The levels for Urea (A), KH 2 PO 4 (B), xylose (C), and initial pH (D) were 0.05, 0.1, 0.15, 0.2, 0.25; 0. 05, 0.1, 0.15, 0.2, 0.25; 0, 2, 4, 6, 8; and 4, 5, 6, 7, 8, respectively . All experiments were done in duplicate. Statistical analysis of experimental data was also performed using this software. Regression analysis performed gave RSM model equation as follows:
where Y is xylitol yield with predicted response; b 0 is the intercept; b 1 , b 2 , b 3 , and b 4 are the linear coefficients; b 11 , b 22 , b 33 , and b 44 are the squared coefficients; b 12 , b 13 , b 14 , b 23 , b 24 , and b 34 are the interaction coefficients, and A, B, C, D, A 2 , B 2 , C 2 , D 2 , AB, AC, AD, BC, BD, and CD are independent variables. The combination of different optimized parameters, which showed maximum xylitol yield, was tested experimentally to validate RSM model using numerical optimization. Validation of the model and regression equation was performed by taking the optimum values (w/v) of urea (0.15%); KH 2 PO 4 , (0.19%); xylose (5.40); and initial pH (6.7) for the xylitol production in duplicate experiments.
The study was carried out in shake flasks of varied volume 0.25 and 0.5 L containing 100 and 200 mL volume of the production medium, respectively.
Bioreactor studies
The possibility of using immobilized cells at large scale for xylitol production was studied in a 7.5 L stirred tank reactor (NBS, USA). The fermenter was conditioned containing 5 L of RSM optimized medium at 80°C for 10 min. The Fermenter was inoculated with 10 g of wet beads. Fermenter was incubated at temperature 30°C; agitation, 350 rpm aeration (0.2 vvm), and initial pH 6.65. The samples were drawn at desired intervals and analyzed for xylose, xylitol, glucose, arabinose, ethanol, acetic acid, and pH at different interval. Free cell study was also performed using same conditions in 5 L reactor with inoculating same amount of yeast cells.
Reuse of cells
The non-detoxified hydrolysate was heated at 80°C for 10 min and supplemented with urea (0.15% w/v); KH 2 PO 4 (0.19% w/v); xylose (5.40% w/v) concentration. pH was adjusted to 6.65 with calcium hydroxide. Duplicate repeatedbatch fermentation runs were carried out in 250-mL Erlenmeyer flasks containing 100 mL of fermentation medium and 1.5 g of immobilized biocatalysts. The flasks were maintained in a rotary shaker at 150 rpm and 30°C for 96 h. After each run/cycle, the fermented medium was discarded, the solid carrier with immobilized cells was carefully drained and gently washed with water to eliminate all non-adhering yeast cells, and the immobilized biocatalysts were charged with fresh medium. At the end of each cycle, amount of xylitol produced was estimated and the process was carried out using the same immobilized cells for successive cycles.
Analytical methods
Cell density was measured at 640 nm using spectrophotometer (Model U-2900, Hitachi, Tokyo, Japan). The optical density of immobilized cell was estimated after dissolution of 0.5 g of wet bead in 0.1 M sodium citrate solution. A calibration curve was used to co-relate OD measurements to dry cell weight concentration of all samples. Sugar and xylitol concentrations were measured by HPLC (Agilent Technologies, model 1200 series CA, USA), equipped with Aminex HPX-87H column (300 mm 9 7.8 mm, Bio-Rad, Hercules, CA) and a refractive index G 1362A detector, an G 1316B column oven, and G 1311A pump. Samples were previously filtered through 0.22 lm filter and injected in the column under the following conditions: injection volume, 20 lL; column temperature, 45°C; 0.005 M H 2 SO 4 as the mobile phase used at a flow rate of 0.6 mL/min.
Results and discussion
Compositional analysis of corn cob and corncob acid hydrolysate
Corn cob used in present study was containing 95-97% (w/ w) solid residues and 3-5% (w/w) moisture. Solid part was containing 10% extractives (water and ethanol), 20% lignin (acid insoluble and soluble), 2% protein, 2% ash, 32% cellulose, 31.5% hemicelluloses, and 2.5% acetyls. Corn cob acid hydrolysate obtained after acid hydrolysis was analyzed and found to have the following composition: (% w/w) xylose, 4-6 (% w/w); glucose, 0.5-1.0 (% w/w); arabinose, 0.1-0.3 (% w/w); acetic acid, 0.2-0.6 (% w/w); furfural, 100-300 ppm; 5-(hydroxy methyl) furfural (HMF), 100-500 ppm; and phenolic, 2500-4000 ppm.
Use of media components used in industrial fermentations
Xylose hydrolysate fermentation in basal media consists of xylose hydrolysate with yeast extract, malt extract, and peptone as nutrients at pH 6.5 (Rajagopalan et al. 2014 ). The fermentation of immobilized C. tropicalis in this media resulted into 60% xylitol yield and 45% substrate conversion (Fig. 3 ). As these medium components are expensive, they cannot be applied in industrial processes. In addition, as the basal medium is rich in synthetic nutrients, it is prone to contamination. This will lead to an increase in the operating expenditure due to the requirement of media sterilization and strict sterile fermentation conditions. Media industrialization approach involved replacements of these expensive nutrients with urea as a nutrient. Fermentation with industrial media containing only 500 ppm urea and immobilized C. tropicalis resulted in 70% xylitol yield and 98% substrate conversion (Fig. 3) . Thus, the expensive nutrients were removed from basal media with increase in yield and substrate conversion. This was followed by media and process optimization to improve the yield and productivity using the statistical methods (Cao et al. 1994) .
Screening of critical variables by Plackett-Burman design
Plackett-Burman design was adopted to select the most significant medium components and fermentation parameters affecting xylitol yield. Among nine variables, which were expected to play a critical role in xylitol production, five of them were media components (xylose, ammonium sulphate, urea, KH 2 PO 4, and MgSO 4 Á7H 2 O) and four were process parameters (inoculum bead weight, agitation, temperature, and initial pH). A wide variation in xylitol yield (0.16-0.79 g/g) was observed in Plackett-Burman experiments ( Table 1) .These results showed the importance of optimizing culture variables in attaining higher yields by immobilized microbial cells. Statistical analyses of the responses were performed. The F value of 32.12 implies that model is significant. The value of p \ 0.05 indicates that model terms are significant. The regression analysis equation for xylitol yield obtained from Plackett-Burman study is shown below:
Yield ¼ 2:06 þ 0:88 ðammonium sulphateÞ À 2:10 ðureaÞ À 0:98 ðKH 2 PO 4 Þ þ 1:56 ðMgSO 4 Á 7H 2 OÞ À 6:39 Â 10 À3 ðagitationÞ À 0:015 ðtemperature) À 0:04 ðinoculum beads weightÞ þ 0:05 ðinitial pHÞ þ 0:04 ðdummy 1Þ:
Among the tested variables, six factors (urea, KH 2 PO 4 , ammonium sulphate, temperature, agitation, and initial pH) had significant effect on xylitol production (p \ 0.05). However, for further process optimization, urea, KH 2 PO 4, and initial pH were selected as more significant factors. Urea was preferred instead of ammonium sulphate as inorganic nitrogen source on basis of industrial applicability and availability (Yewale et al. 2016) . Although, xylose was not found to be significant in tested narrow range of 4-6% w/v in the Plackett-Burman design, it was selected as critical variable to determine the exact optimum concentration in non-detoxified hydrolysate fermentation. Other significant variables like agitation and temperature were not selected to reduce the number of experiments as major focus was given on industrial media components selection and optimization.
Response surface methodology
Xylose, urea, KH 2 PO 4 , and initial pH of media were selected as most important variables affecting xylitol production from Plackett-Burman experiments. Multiple regression analysis was used to analyze the data, and thus, a polynomial equation was derived which is as follows:
Yield ¼ À2:33 þ 0:80 ðureaÞ þ 0:44 ðKH 2 PO 4 Þ À 0:54 ðxyloseÞ þ 1:28 ðinitial pHÞ þ 0:75 ðureaÞ ðKH 2 PO 4 Þ þ 6:25
Â 10 À3 ðureaÞ ðxyloseÞ þ 0:012 ðureaÞ ðInitial pHÞ À 0:12 ðKH 2 PO 4 Þ ðxyloseÞ þ 0:06 ðKH 2 PO 4 Þ ðinitial pHÞ þ 0:16 ðxyloseÞ ðinitial pHÞ À 3:37 ðureaÞ ðureaÞ À 1:37 ðKH 2 PO 4 Þ ðKH 2 PO 4 Þ À 0:05 ðxyloseÞ ðxyloseÞ À 0:15 ðinitial pHÞ ðinitial pHÞ:
ANOVA analysis shows that F value of 246 indicates that model is significant. The R 2 value (multiple correlation coefficient) closer to 1 (0.9957) denotes better correlation between observed and predicted results (Fig. 1) . The predicted R 2 value of 0.9776 was in reasonable agreement with adjusted R 2 value of 0.9916. Values of ''Prob [ F'' less than 0.05 indicate that model terms are significant. In this case, D, CD, C 2 , D 2 are significant model terms. Values greater than 0.05 indicate that the model terms are not significant. The ''Lack of Fit F value'' of 3.16 implies the Lack of Fit is not significant relative to the pure error. Figure 2 shows three-dimensional plots of the calculated responses from the interaction between pH and xylose. A linear increase in xylitol yields was recorded with increase in xylose concentration and pH which reached up to yields of 0.90 g/g at 6% xylose ('?1' level) and initial pH 7.0. Furthermore, the RSM model was validated by numerical optimization. The optimized RSM conditions for xylitol production contain urea 0.15% w/v, KH 2 PO 4 0.19% w/v, xylose 5.40% w/v, and pH 6.65 leading to a yield of 0.79 g/ g, whereas the basal media fermentation resulted into xylitol yield of 0.60 g/g only.
Validation of the optimized conditions
In case of RSM optimized media parameters and physical conditions, xylitol yield 0.79 g/g was obtained which was in close agreement with the predicted xylitol yield, 0.87 g/ g. Hence, RSM optimized conditions were validated successfully. Furthermore, xylitol yield was sustainable in shake flask of different volumes (0.25, 0.50 L) by maintaining the 40% ratio of working volume to flask volume, as shown in Fig. 3 .
Scale-up of xylitol production
Scale-up study was performed in 7.5 L stirred tank reactor with 5 L working volume containing optimized media composition to check the bead stability, integrity, and xylitol production. It was observed that xylitol concentration increased gradually with the progression of fermentation and reached up to 40 g/L with yield of 0.79 g/g after 96 h, which was comparable to shake flasks and stabilized thereafter without any decrease in yield due to consumption of xylitol by yeast cells (Fig. 4) . Fermentation time increased to 96 h (as compared to 72 h for shake flask) in stirred tank reactor as lag phase extended for 20-24 h in STR which could be due to shear stress imparted by impeller and changed mixing conditions. Xylose consumption started after 20 h, and by the end of 96 h, the yeast utilized about 98% of the xylose as a substrate. To assess the potential advantages of the optimized process for xylitol production, xylitol yield obtained in this work was compared with those reported in the literature. Carla and Roberto statistically optimized xylitol fermentation media using rice bran hydrolysate and C. guillermondii (FTI 20037) . The significant components observed were rice bran hydrolysates using RSM as optimization methods with xylitol titer 52 g/L, xylitol yield 0.65 g/g and productivity as 0.54 g/L/h (Carla and Roberto 2001) . Ling et al. optimized xylitol fermentation media using corn cob hydrolysate using C. tropicalis HDY 02 using PD and RSM methods. The significant nutrients obtained were KH 2 PO 4 , yeast extract, ammonium sulphate, and magnesium sulphate with xylitol titer 58 g/L and 0.73 g/g xylitol yield.
The xylose stream used in these references was detoxified before fermentation, whereas in present process, corn cob xylose hydrolysate was used without any detoxification (Carla and Roberto 2001; Ling et al. 2011) . Xylitol production media optimized using PB and RSM and immobilized C. tropicalis cells resulted into urea, and KH 2 PO 4 as significant nutrients to get xylitol titer of 45 g/L with yield 0.79 g/g and xylitol productivity of 0.47 g/L/h. The immobilized microbial cell gave 0.60, 0.70 g/g yield with 45, 95% substrate conversion in simple basal medium and industrial media, respectively. This performance was enhanced to 0.79 g/g and 98% substrate conversion (Fig. 3 ) by use of statistical optimization consequently reducing the overall media cost, operating cost, and capital cost. The costly medium components were substituted and optimized by industrial nutrients like urea and KH 2 PO 4 , after media screening and statistical optimization.
Reuse of immobilized cells
Recycling of alginate-entrapped C. tropicalis cells was studied with optimized media in shake flask. Such reuse was performed five times with no reduction in the xylose consumption, xylitol productivity, and yields. The immobilized yeast produced xylitol with a yield, productivity, and xylose conversion efficiency of more than 0.78 g/g, 0.56 g/L/h, and 98%, respectively, for five Error bars represent variation between the duplicate trials successive batches (Fig. 5) .The free cell fermentation study in 5 L fermenter shows that C. tropicalis produces 34 g/L xylitol titer with 0.67 g/g yield. Immobilized cell systems are used as an alternative to free cells for increasing the overall process productivity and for minimizing production costs. Immobilized cells exhibit many advantages over free cells including the maintenance of stable, active biocatalysts with high productivity.
Conclusions
The present study is the first report to demonstrate the xylitol production in non-detoxified corn cob hydrolysate using freeze dried C. tropicalis yeast cells. Basal media with costly nutrients were successfully replaced with low cost, industrially applicable nutrients with improved yield, and productivity by used of statistical design. Screening and selection criteria resulted into urea, KH 2 PO 4 , and initial pH as significant variable. The interactive effects of pH and xylose without detoxification on xylitol yield were found to be significant. Xylitol yield improved from 0.60 to 0.79 g/g in optimized medium with twofold increase in xylose consumption. Thus, the optimized condition with non-detoxified corn cob hydrolysate without sterilization and with low-cost nutrients opens up the scope for industrial application of the process. 
